Biofoams containing polylactic acid (PLA) and an epoxidized natural rubber (ENR-50) were prepared using various chemical foaming agents (CFA). The factors that affect the properties and characteristics of the biodegradable foams were epoxidized natural rubber (ENR)-50 and CFA contents. ENR-50 is one of the toughening agents used for blending with PLA by twin-screw extruder followed by compression moulding. Water absorption increased with increasing ENR-50 and CFA contents, due to the effect of polarity and natural hydrophilicity of the oxirane groups of ENR-50. The percentage crystallinity decreased with the addition of ENR-50 and CFA, due to the interaction between the epoxy groups of the ENR-50 and the carbonyl groups of the PLA, which makes movement more difficult and hinders the arrangement of the crystal. The addition of ENR in blend foam led to the increase of impact strength. Whereas the flexural strength of PLA/ENR foams decreased with increased ENR content. The impact strength and flexural strength of PLA/ENR-50 foams were investigated and the experimental data were analysed through SPSS and MATLAB, to optimize as well as to determine the significance of the factors affecting the impact strength and flexural strength of the foams. The parameterization of the mathematical method for different content of the initial controlled substance was achieved by fitting the mathematical model with the experimental data for impact strength and flexural strength. The 3-D curves obtained from the proposed mathematical models were plotted.
INTRODUCTION
Bioplastics are plastics derived from renewable biomass, also known as biopolymers, and are gaining much interest. The aim of many companies and businesses is the development of biopolymers derived from renewable and sustainable resources. The development of biopolymers is interested in the field of biopolymer blends and composites. The current development should focus on balancing product performance and environmental friendliness. The biopolymer most extensively used in research is polylactic acid (PLA), which is under continuous development 1 .
PLA is a biodegradable material. It is derived from sugarcane and cornstarch to substitute traditional petroleum-based plastics. The subunit of PLA, lactic acid, can be prepared by carbohydrate fermentation or chemical synthesis. Lactic acid made by the fermentation processes can be classified according to the type of bacteria used. The most recent bacteria commonly used is Lactobacilli, which gives high yields of lactic acid. In general, sources of simple sugars for bacteria are glucose and maltose obtained from corn or potato, sucrose from cane or beet sugar and lactose from cheese whey. The advantages of PLA are cost-competitive products and sustainability, but PLA has disadvantages because of its brittleness, low glass transition temperature (T g ) and low crystallinity, which affects the formation of packaging materials [2] [3] [4] . Hence the properties of PLA have been improved so that it is suitable for forming into packaging. There are several ways to improve the properties of PLA, such as blending and composite preparation [5] [6] [7] . One of the most popular methods is blending with a toughening agent, a rubber phase, to increase the toughness of the PLA. The rubber toughening of plastics has become an attractive field of study in polymer science and technology, as brittleness is known to be a drawback in many plastics; it can cause premature failure during application. PLA has attracted considerable attention in sectors such as packaging, cushioning, and thermal and sound insulation. Epoxidized natural rubber (ENR) has been widely used as an impact modifier or as a toughening agent for many plastics; www.scienceasia.org in particular, it is used to increase impact strength, which deteriorates with the incorporation of other additives such as fillers and flame retardants. ENR is obtained from the modification of natural rubber via an epoxidation reaction. It also has good chemical resistance, high toughness, oil-resistance and gasbarrier properties and, a high toughness relative to natural rubber 8 . Foam is a popular packaging today because foams are lightweight, durable, flexible and easy to use. The characteristics of foam are better than other materials, affecting the current use foam, which is tending to increase 9, 10 . Nowadays, the development of PLA foams could lead to the replacement of polystyrene (PS) foams because of the toxicity of PS [11] [12] [13] . The addition of ENR to blended foam has been employed to increase the toughness of PLA. This is the first study to investigate the water absorption behaviour and the modelling of the mechanical properties of PLA/ENR foams. The modelling study of biomaterial properties by SPSS and MATLAB is the advance research in the field of biomaterials.
MATERIALS AND METHODS

Materials
Polylactic acid (PLA) polymer 2003D in pellet form with a melt flow rate of 5-7 g/10 min (2.16 kg, 210°C) was a commercial product from Natureworks LLC (USA). The epoxidized natural rubber (ENR-50) containing 50 mol % epoxidation, was prepared by chemical modification of natural rubber, where saturation in the natural rubber is converted into epoxy groups. The chemical foaming agent (CFA) was purchased from Merck.
Preparation of PLA/ENR-50 foams
The PLA and ENR-50 were dried separately at 80°C and 50°C, respectively, for 8 h in a hot air oven, prior to blending. The polymer blends of PLA and ENR-50 were prepared with various ENR-50 contents, ranging from 0-40% by weight. The well-mixed blends were prepared in twin-screw extruders, types LTE-20-32 and LTE-20-40 (Rheocord 90, Germany) at a rotor speed of 45 rpm, at 190°C for 10 min, followed by cutting into small granules. Prior to foaming, the ENR-50/PLA foams were prepared with various CFA contents, ranging from 0.5-2%wt ( Table 1 ). The fabricated specimens were prepared by using compression moulding (Wabash model labtech) at 210°C for 14 min. 
Water absorption
The water absorption test was conducted to determine the water resistance of PLA and PLA/ENR-50 foams. The dimensions of test specimens were 15 mm × 25 mm × 10 mm. The test specimens were dried in a vacuum oven at 40°C to constant weight. The specimens were then immersed in distilled water at room temperature for 24 h, after which the samples were withdrawn from the water and weighed. The weight gain after 24 h was recorded. The procedure was repeated with samples immersed for 48, 72, 96, 120, 144, and 168 h. The test was carried out in triplicate for each formulation and the average values reported. The percentage weight gain (M t ) after time t of moisture absorption was determined using equation
where W d is the initial weight of sample before immersion and W w is the weight of sample after immersion 14 .
Crystallization analysis
The crystallization of PLA foams and PLA/ENR50 foams were measured by a differential scanning calorimeter (DSC2-Mettler Toledo). Samples of weight 5-7 mg were placed in an aluminium pan and sealed tightly with an aluminium cover. For non-isothermal tests, the samples were first heated (10°C/min) from 20-200°C. Then the samples were cooled to 0°C and finally heated again to 200°C at the same rate. The glass transition, cold crystallization, and melting temperatures denoted by T g , T cc , T m , respectively, were obtained from the DSC curves. The percentage crystallinity (% X c ) was obtained from equation
where ∆H m is melting enthalpy, ∆H c is crystallization enthalpy, the constant 93.6 J/g is melting enthalpy of 100% crystallization, and w is the weight fraction of PLA contained in the blend foams.
Model development for properties
The fitting of model equations for determination of mechanical properties was by Statistical Package for the Social Sciences (SPSS 19, IBM, USA) and MATLAB R2018a (MathWorks, USA). The best model for describing the experimental data was confirmed using the correlation coefficient (R 2 ) to evaluate the error analysis. For this purpose, the modelling of compressive properties and flexural strength were obtained by demonstrating the best fit for mechanical properties, following a model
where Y in Eq. (1) is impact strength, X 1 is ENR content, X 2 is CFA content, and A, B, C are constants. Eq. (2) was used to determine the flexural strength (Y 1 ). The three independent constants, D, E, F were found to be sufficient to make a reasonable fit to most data. The curve-fitting was conducted to predict the properties with various material contents.
RESULTS AND DISCUSSION
The effect of ENR-50 content on water absorption of PLA/ENR-50 foams
Water absorption by polymers takes place at the surface of the material. When water absorption is saturated, the water penetrates into the polymer [14] [15] [16] . Water absorption values of PLA/ENR-50 foams with compositions of PLA of 100-60% by weight, ENR-50 of 0-40% by weight and CFA at 0.5-2% by weight are shown (Fig. 1) . The results show that water absorption is likely to increase with the addition of ENR-50, that effect being due to the polar and naturally hydrophilic oxirane groups of ENR-50. Polarity and hydrophilicity of the polymer will encourage hydrogen bonding with water 17 . Hence when mixed with PLA, which is already hydrophilic, the water absorption of PLA/ENR-50 foams tends to increase compared to PLA foams.
The effect of CFA content on water absorption of PLA/ENR-50 foams
Firstly, the water absorption of polymers takes place at the surface of the material. When the water absorption is saturated, the water will penetrate into the polymer. The water absorption is regulated by hydrophilic nature of the substance [14] [15] [16] . The water absorption values of PLA/ENR-50 foams at various contents of PLA, ENR, and foaming agent as 100-60% by weight, 0-40% by weight and 0.5-2% by weight, respectively, are shown (Fig. 2) . The results of the experiment exhibited that the water absorption tends to increase with the increment of ENR-50 content because of the effect of polarity and hydrophilicity obtained from oxirane group of ENR-50. The polarity and hydrophilicity of polymer will encourage the hydrogen bonding between ENR and water molecules 17 . Then the addition of ENR in PLA foams led to the higher percentage of water absorption compared with pure PLA foams because of the hydrophilicity of PLA. The increase in CFA in the foam blend tends to increase the percentage of water absorption as the surface area in contact with water tends to increase because the heating of agents in the blend causes the breakdown into CO 2 gas in the foam 18 . The CO 2 gas penetrates into the polymer matrix and forms a gas during polymer processing. The gas forms minute cells or bubbles within the polymer, resulting in a foamed or porous structure. After saturation, the CO 2 disappears, causing the voids in the polymer, and the surface area in contact with water, to increase 15, 19, 20 .
The effect of foaming agent on crystallinity of PLA foam
The effect of foaming agent on the crystallinity of the PLA unfoam and PLA foams ( percentage crystallinity tends to decrease with the increase of CFA content, whereas glass transition temperature and melting temperature tend to decrease, as the CFA in the foam blend is heated and breaks down to release CO 2 . This is a small molecule that penetrates into the polymer melt matrix and generate CO 2 bubbles. The CO 2 is a plasticizer that improves the movement of the PLA molecular chain, which makes it easier to align the molecular chain in lattice crystals, resulting in lower T g and T m values 9 . CO 2 could diffuse into biaxial stretching, which occurs during the expansion and growth of the cell, causing the percentage crystallinity to tend to increase due to the stress of decreased crystallization [21] [22] [23] .
The results of DSC tests exhibited in the thermograms (Fig. 3) show the second heating scans of unfoam and PLA foams. During DSC second heating scan, the cold crystallization occurs.
The effect of ENR-50 content on crystallinity of PLA/ENR-50 foams
The thermal properties of PLA/ENR foams with various CFA contents at 0.5-2%wt are shown (Table 3) . When ENR-50 is added to the foam blend, hydrogen bonding is believed to occur because of the interaction between the epoxy groups in ENR-50 and the carbonyl groups in PLA. This interaction affects the movement of the chain structure, making it more difficult and hindering the arrangement of the crystal, resulting in a decrease glass transition temperature and melting temperature. In addition, the PLA foams with ENR exhibit low T cc values in second heating DSC scans as compared with the neat PLA foams. This result may be due to the fast nucleation process induced by ENR [24] [25] [26] .
Mechanical behaviour
The effect of rubber and foaming agent content on the mechanical behaviour of PLA/ENR-50 foams was investigated ( Figs. 4 and 5 ). In this work, linear (3) and (4), were developed from linear regression analysis of the experimental data used, to derive a mathematical expression. The adjusted R 2 of the model for impact strength was 0.33, where Y is impact strength, X 1 is ENR content, and X 2 is CFA content.
The relationship between impact strength and two factors of ENR-50 content and CFA content, which was plotted by MATLAB was employed to produce 3-D curves (Fig. 4) .
The adjusted R 2 of the model for flexural strength was 0.677. The model for flexural strength is
where Y 1 is flexural strength, X 1 is ENR content, and X 2 is CFA content. The relationship between flexural strength and the two factors of ENR content and CFA content was plotted by MATLAB ( Fig. 5 ).
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CONCLUSIONS
In this study, the water absorption of biofoams containing PLA and ENR increased with increases in ENR-50 and CFA content, because of the effect of polarity and natural hydrophilicity of the oxirane groups of ENR-50. The polarity and hydrophilicity of the polymer will encourage the occurrence of hydrogen bonding between the ENR and water molecules and the increase in surface area in contact with water of the blended foam. The percentage crystallinity decreased with increasing ENR-50 and CFA content. The impact strength and flexural strength of PLA/ENR-50 foams were investigated and SPSS 19 and MATLAB R2018a were employed to analyse the experimental data, to determine the significance of the factors affecting the impact strength and flexural strength of PLA/ENR-50 foams. The introduction of ENR in blend foam affected the increase in impact strength and decrease in flexural strength.
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